INTRODUCTION
Interest in repair, maintenance and characterization of infrastructure in the United States has reached unprecedented highs in recent years. The interest in this area is motivated by the aging and associated degradation of our built environment. There is also a perception that the complexity of the problems encountered in this area are a suitable venue for application of new technology from academic and defense related research. However, while applying established technological solutions to the challenges encountered in infrastructure research, basic questions are encountered regarding the nature of the materials used in roads, bridges and other structures. In spite of the enormous experience base with many of the materials used in infrastructure, often the behavior of the materials has only been understood in terms of the gross behavior in large scale measurements. The materials often show a large variation in their properties between samples as well as a large spatial variation in properties in a single sample. Perhaps the most important material, concrete, may also be the most variable material used in infrastructure.
Concrete in various forms has been used since the time of the Roman Empire as a construction material and in a form which approximates the modem composition since the middle of the 19'th century [1] . The material properties, however, may vary depending on the character of the locally available aggregate, the mix ratio of the constituents and even on the environment which exists during the concrete setting and curing. For this reason large safety factors are usually included in the design of concrete structures. However for certain applications the application of a safety factor is not possible. In the case of a design of earthquake resistant building an increase in the amount of material in the structure will not necessarily make the building less susceptible to earthquake damage. In other situations the deterioration caused by aging gradually reduces the safety factor in an otherwise conservative original design. In either of these cases it is necessary to measure the material properties so that the integrity may be determined. For application to new structures, basic work will continue to make significant progress in the understanding of concrete as a construction material. The basic understanding will help reduce variability as well as potentially reducing the effects of age related degradation. However, for determining the need for maintenance or replacement of existing structures the variability in the existing material must be accepted. In an existing structure it is first necessary to characterize the material and then to assess the need for repair or replacement.
A particular area of concern is the inspection of concrete for surface damage. General information on degradation of concrete is useful since the deterioration of many concrete structures has reached a degree such that replacement of even safety critical structures is not realistic from a budgetary perspective. It is thus necessary to prioritize repair and replacement so that those structures which are both critical from a safety perspective and are in the worst condition may be targeted for immediate attention. One of the areas which has been specifically targeted for attention in this manner is that of bridge deck pavements.
Bridge deck pavements are an area of concern since they are relatively thin section of concrete which are critical for safety. Unlike roadway pavements where even severe deterioration results in potholes, a bridge deck pavement failure can result in failure of a small portions or an entire sections of the bridge surface. Critical failures may be avoided by a relatively simple repair procedure. The deteriorating surface of the bridge deck can be ground away and new concrete poured over the solid portion of the base material. It is necessary however to grind sufficient material so that the new decking material is poured over solid base concrete. For this reason a method of characterizing the depth of damage in concrete bridge decking is needed. Once a method has been established a technique which is suitable for field application is needed to acquire sufficient data for correlation between observed quality of the concrete and measured properties. Prior to looking at this problem directly it is useful to consider what kind of changes occur to concrete when it is subjected to various types of damage. Understanding the character of concrete damage will suggest the method which is best suited to detecting the damage.
SAMPLE BRIDGE DECKING FOR INVESTIGATION
The specimen used in this investigation is shown in Figure 1 a mix proportion of 1: 2.5: 2.5: 0.5 parts of cement, sand, gravel and water by weight respectively. All of the samples were cured in a water bath or ASTM C511 curing room to reduce the effects of shrinkage cracking of the top surface of the concrete. The intent of the initial investigation was to understand the degradation of concrete so steel reinforcing bars were not used. Future work should include the effects of steel reinforcing bars on the measurements in concrete as well as their possible effect on the mechanisms of concrete deterioration.
Damage in bridge decking results from both mechanical and chemical sources. In many parts of the United States salt is used on roadways to melt ice in the winter. The influence of the salt water is a significant degradation factor in areas where salt is used. In addition to chemical attack mechanical and thermal stress and high cycle fatigue are encountered as well as freeze thaw damage. Finally, not only the integrity of the structure but also the strength of the surrounding concrete may be influenced by corrosion of the reinforcing steel. The current work shows results from freeze thaw, salt scaling and mechanical damage to the concrete bridge decking. The freeze-thaw damage follows the ASTM C 666-92 standard for freeze-thaw damage. The damage which resulted from freeze thaw was quite similar to the salt-scaling damage (produced by ASTM C 672-92). This similarity would not be expected if steel reinforcing bars were included. The primary observed difference in the current tests between salt-scaling and freeze thaw was an acceleration of damage with the addition of salt. Results for freeze thaw damage are not included in this paper due to the similarity of the effects and space considerations.
NDE OF CONCRETE
A number of methods have been investigated for non-destructive testing of concrete. The choice of method is dependent on a number of factors. Among the important factors are, suitability of measurement technique for field application, sensitivity to parameters of interest, and how directly the technique measures relevant properties of the material. Among the methods which have been considered are thermal wave imaging, ground penetrating radar, laser interferometry, impact-echo techniques and surface wave techniques.
Ground penetrating radar shows great promise as does thermal wave imaging [2] . The difficulty with these methods is their dependence on correlation of a separate measurement variable, dielectric constant or the thermal conductivity, with changes in the material. The presence of moisture and chloride conditions must be controlled for the correlation to be successful [3] . Because the process of failure is most likely to result from mechanical property degradation, the use of stress waves of some type is inherently attractive since the velocity and attenuation of a stress pulse provides information which is directly related to the material property of interest.
One potentially important method of using stress waves to inspect concrete bridge materials is the impact-echo technique [4] . This teChnique has the disadvantage that it depends on the modes of the structure which requires baseline material information and modeling of the portion of the structure which is excited by the impact. One of the consequent advantages of the technique is the ability to evaluate a large structure using very few measurements. While the location of the damage may not be evident, the existence of deterioration and some quantification of the damage is possible. The impact-echo technique is limited in the current application since complex modeling would be required to determine the effect of the surface degradation on the resonances of the bridge deck. Models of the effects of different depth of damage would be required to provide information on the depth of damage to be repaired.
An alternatives to the impact-echo technique is the more traditional pulse-velocity method. It has been shown that the ultrasonic pulse velocity (the group velocity) may be influenced by factors which have little impact on the compressive strength of the concrete [4] . However the standardization of this method for field testing and the large base of experience in the test has made this method popular.
Among the newly emerging methods in the analysis of surface waves generated in concrete. The use of surface waves suggests that information on the depth of damage is contained in the phase velocity [4] . Depending on the relationship between the thickness of the bridge deck material and the wavelengths contained in the stress wave, a plate waves may also be generated in the bridge deck inspection application. After considering the type of defects which would be expected in concrete bridge decking it will be shown that this method is well suited to generation and reception with wheel type transducers.
LABORATORY SAMPLE CHARACTERIZATION
Fundamental to the use of ultrasound for concrete characterization is the need to understand the sensitivity of ultrasonic measurements to the expected changes in the material. The type of measurement which is most suited to detection of damage depends on the type of damage encountered in the material. If the damage is distributed, both the velocity and the attenuation will be sensitive to the degradation of the material. If the damage can be detected using either the attenuation or the phase velocity of a wave in the material, then the phase velocity measurement is usually chosen because the measurement is simpler and more reliable. Localized cracking of the concrete is, however, less likely to be detected by a velocity measurement if the wavelength of the pulse is long relative to the length of cracking. In the case of localized cracking the attenuation of the ultrasonic pulse is more likely to be sensitive to the damage. The level of localization of damage in the sample is investigated using laboratory immersion testing. Figure 3 and 4 show ultrasonic c-scans which were obtained by scanning in the x-z plane using the arrangement shown in Figure 2 . The most important observation regarding these samples is the distribution of damage. Figure 3 shows a sample which was subjected to five cycles of salt scaling damage according to the ASTM procedure. The "localized" damage which is shown in Figure 4 results from a three point bend cracking of the concrete sample shown in Figure 1 . From the ultrasonic c-scans it is obvious that significant damage results beyond the immediate area of the main crack. A distribution of cracks is evident not only in the center of the block, but there is also some indication of damage where the sample contacted the base plate on either side of the lower surface. This observation is consistent with the model of cracking in concrete which suggests microcracks coalescing to form a larger crack. Figure 4 . Initial c-scan image of sample (top) and after cracking in three point bend (bottom).
SL-d!
The result of observations of several cases like those which are shown in Figure 3 and 4 is that damage in concrete is distributed on a scale which is similiar to the ultrasonic wavelength at 500 kHz. in concrete. The distribution of the damage appears to be independent of the cause: chemical, mechanical or freeze thaw events. As a result the use of phase velocity is expected to be better suited to the testing of concrete bridge decking. This was also verified with more quanititative results.
In order to make quantitative observations regarding the velocity in the sample it is neccessary to obtain a phase velocity measurement instead of a group velocity measurement. It is expected that the ultrasonic signal will demonstrate significant dispersion. The phase velocity measurement is made by band-pass filtering the received acoustic signal prior to calculating the cross-correlation. The peak of the cross-correlation is used to obtain the time delay of the signals. The filter is chosen to be sufficently narrow band that it selects a frequency range which shows no measurable dispersion. The amplitude value is obtained from the peak in the through transmission signal and is normalized to the amplitude acquired in the middle of the concrete sample. This normalization assumes that damage does not penetrate the sample completely, which is borne out by experiments. Figure 5 shows results from these calculations. The effect of the damage on the amplitude and phase velocity at 400 kHz. is shown. The zero point in the independent axis corresponds to the open mold surface of the concrete sample. The sample is scanned in the z-direction shown in Figure 2 . The increase in amplitude and delay time in the initial data is a result of the distributed cracking along the top surface of the samples and the effect of a free surface on the propagation of the elastic wave. The expected result of the damage is a decrease in the slope of the curves as damage accumulates. The trends are thus evident in both the amplitude and the change in delay time curves. However, the oscillations in the amplitude reduces the desirability of using amplitude information for inspection of bridge decking because of the loss of certainty caused by the oscillations.
PROPOSED FIELD TEST CONFIGURATION
While the previous results clearly suggest that phase velocity is a suitable measurement for determination of damage in concrete, a method to make these 4.0E-6 .. measurements without using immersion testing is required. The primary objectives for the testing method should include: portability, simplicity and durability. Regardless of how the data is processed or interpreted, it is necessary to make the data acquisition as simple and reliable as possible. Ideally the test would not use any coupling fluid and would use standard inspection electronics. In a number of applications dry coupled wheel transducers have been used for a number of years. In particular wheel transducers have found application in inspection of plywood and other flat wood products [5] . In the wheel transducer a standard piezo-electric transducer is mounted inside a wheel which is fluid filled. The transducer orientation is fixed since it is attached to the axle of the wheeL The wheel transducers are normally used in a pitch-catch configuration because of resonances in the wheel which may make it difficult to separate signals. In applications where a short pulse is required difficulties are also introduced. The long pulse is expected to be of negligible importance in concrete since the multiple reflections from the aggregate make the received signal quite complicated already. Figure 6 shows the arrangement of the two wheel transducers and Figure 7 shows an example of a received signals from the dry coupled wheel transducers. The transducers used were produced by Stavely Sensors Co. with a nominal center frequency of 1.25 MHz. The received signal shows excellent signal to noise characteristics and is of sufficient quality for further processing. The top received signal is for the same sample shown in Figure 3 with the top signal from the initial undamaged sample and the lower signal obtained after five cycles of salt scaling damage. It is evident from observation that the damaged sample has a lower amplitude and velocity (the damaged sample signal arrives nearly half a period after the undamaged sample) than the initial measurement. Continuation of the work should focus on appropriate interpretation of the received signal and correlation of results to observed depth of damage in concrete plates.
CONCLUSIONS
The present effort demonstrates that relatively simple phase velocity measurements are well suited to the determination of depth of damage in bridge decking. Phase velocity measurements are sufficient in this application since the damage in concrete appears to be distributed regardless of the cause. A commercial roller transducer has been shown to be capable of generating a surface or plate wave in concrete. The wave generated and received by the roller transducers is suitable for determining the phase velocity. Further investigation should include construction of a field test machine and determining the effect of reinforcing steel on the technique.
